A n important, yet poorly quantified, part of the solid Earth metal cycle is the transport of dissolved metals by magmas, followed by their sequestration as crustal ore deposits or outgassing into the surface environment during volcanic eruptions. Metals play key roles in a number of Earth processes. The flux of volcanically mediated metals from submarine arc volcanoes to past euxinic oceans 1 may have been of key importance for the evolution of life. Transition metals outgassed by volcanoes catalyse the aqueous oxidation of sulfur 2 . Magmatic aqueous fluid is an important medium for transporting metals to sites of ore deposits 3, 4 . With some notable exceptions, studies of volcanic metal emissions have been dominated by studies of condensates from low-temperature fumaroles 5 , generated during shallow cooling of magmatic fluids. These fluids are generally metal poor, owing to their low temperature (below most gaseous metal condensation temperatures) and low salinity at low pressures 3 . However, there are a number of datasets from the plumes of active basaltic volcanoes 6-10 that show that these volcanoes are emitting fluxes of metals 6, 8, 11, 12 of similar scale to those from large industrial smelters 13 and those building crustal ore deposits 3, 6 , making basaltic volcanoes a significant source of metals (and semi-metals) in the atmosphere and oceans. Studying basaltic volcanic systems, instead of their more evolved counterparts, brings advantages: high metal fluxes, safer sampling, a magma that is less affected by differentiation (and consequent metal fractionation) and a style of volcanism that is more representative of that prevalent on early Earth, possibly providing insights into metal fluxing into the early ocean and atmosphere. It is expected from metal ratios in ore deposits 14 and sulfides 15 and metal systematics in glasses 16,17 that mid-ocean-ridge, hotspot and arc basaltic volcanoes should have different assemblages of outgassing metals. This has been noted in previous studies 9, 18 , but a systematic explanation for these differences has been lacking until now. (Fig. 1a) , similar to metal fluxes involved in crustal ore deposit development 3 . Metal fluxes from hotspot volcanoes Kīlauea (Hawai'i, USA; during the 2008-2018 summit eruption) and Holuhraun (Iceland; during the 2014-2015 eruption) are lower, not exceeding 100 kg d −1 for any metal/semi-metal species (although upper error limits for Zn and Se exceed this). The data in Fig. 1a indicate that the metal composition of volcanic emissions differs systematically between arc and hotspot settings. The emissions from Kīlauea and Holuhraun aerosols are dominated by Se, Cd, Te, Pb, Cu and Zn and there are markedly lower fluxes of W, In, As, Cs and Tl over arc volcanic aerosols. Arc volcanic aerosols, in contrast, have the highest fluxes of Pb, Cu, Zn, Tl, As, Sn and Se. The minor silicate contributions to most of the key elements In, As, Cs and Tl inferred from the data from Stromboli, Masaya, Etna and Ambrym (Supplementary Information) mean that a variable silicate ash fraction of the plumes is unlikely to account for these differences 6, 7, 19 . Moreover, the plume metal compositions do not mirror the compositions of the lavas (Fig. 1b) , which suggests that the gas compositions are not merely controlled by the initial compositions of the magmas in the different tectonic settings, although it is important to note that another recent study documented enrichments in Sb, As, Tl, W and Pb in Manus Basin submarine arc basalts over mid-ocean ridge basalts (MORB) 20 . Arc lavas (here exemplified by Stromboli and Etna) are, overall, richer in metals such as Sb, U, Te, W and Cs, but are not appreciably richer in the other metal species, in particular those that are so abundant in the plume (such as Pb, Cu, Sn and Zn). In fact, Cu, Sn and Zn have similar concentrations in erupted lavas from all of the volcanoes, even when degassing is accounted for (dashed lines in Fig. 1b show pre-degassing metal concentrations) . The absolute flux of metals for a particular volcano is controlled by the magma degassing rate and style of volcanic activity, which would elevate or depress metal fluxes, but is not expected to change the distinctive 
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Metal outputs of basaltic volcanoes into the atmosphere
), extending up to 1 × 10 −3 for Pb, Zn and Cu for the arc volcanoes. We propose that the metals measured in these volcanic plumes were transported in the exsolved magmatic volatile phase before and during eruption. A plot of enrichment factors (see Methods) demonstrates the tendency of the metals to exist in the volcanic plume gas and aerosol phase over the silicate melt phase, relative to Cu (Fig. 1c) . Enrichment factors reach higher overall values for the hotspot volcanic systems: greater than 100 for In, Bi and Cd (for both Kīlauea and Holuhraun) and As, Tl and Pb (for Holuhraun) and reaching 10 4 -10 5 for Te and Se, the most volatile semi-metals. For the arc plumes, enrichment factors are in general lower but follow the same overall trends (Fig. 1c) . Te, Se, Cd and Bi exhibit much lower enrichment factors referenced to Cu in high-temperature arc volcanic gases over hotspot volcanic gases, despite similar or higher concentrations of these metals in the melt before degassing (Fig. 1b) . Kinetic effects may be important under certain conditions; it has been shown that significant variation in Tl/Pb, for example, is possible in silicate melt during degassing, due to diffusive fractionation 21 . These effects are poorly understood yet unlikely to explain the order-of-magnitude differences observed in Tl/Pb here (Fig. 1a) .
Metal pathways in magmas before eruption
Explaining the systematic differences in trace-metal emissions between these arc and hotspot volcanoes requires consideration of the processes that partition metals during magma ascent and eruption. In magmatic systems in the crust, metals partition between silicate melt, an aqueous fluid phase (which may be a hypercritical phase or an aqueous liquid at mid-crustal pressures, or a vapour phase at low pressures, comprising CO 2 , water, sulfur and halogen species) and a sulfide phase (liquid sulfide, or monosulfide solid solution, depending on temperature), should they be present. Other phases, such as silicates, oxides and phosphates, may also take up metals, but are of subordinate importance. Both chalcophile and siderophile metals partition strongly into aqueous fluid and sulfide phases over silicate melt over a range of temperatures and pressures. Aqueous fluid-melt partition coefficients are constant regardless of whether a sulfide phase is present; therefore, the presence of sulfide sequesters metals such that both the melt and aqueous fluid phases become metal depleted. Many experimental determinations of metal partitioning have been under conditions not directly relevant to volatile-rich magmas in the crust, for example, at mantle pressures 22, 23 . Little attention has been paid to those metals most prevalent in volcanic gases, such as Zn, Sn, Pb and Tl. Experiments at about 200 MPa on andesites and basalts with co-existing sulfide, silicate melt and aqueous fluid [24] [25] [26] [27] show that aqueous fluid-melt partitioning is dependent on the composition of the aqueous fluid and on redox. High Au concentrations in silicate melt are promoted by conditions just below the sulfide-sulfate transition (which is gradual and occurs about 0.5 log units above the Ni-NiO buffer (NNO + 0.5)) 24 . The fluid-melt partitioning of Au is enhanced at oxygen fugacity f O2 < NNO + 0.5 and suppressed at higher f O2 and when SO 2 dominates the aqueous fluid phase, in contrast to the partitioning of Cu, which is much less dependent on S speciation 27 . A recent set of experiments on aqueous fluid-melt partitioning of a wide range of metals in mafic magma, in the presence of S-and Cl-bearing aqueous fluid (Supplementary Table 2 ), showed that Cu, Se, Te and Cd are most volatile, followed by Zn, As, Ag, Sb, Cs, W, Tl and Bi 25 . This is broadly consistent with the volcanic emission measurements shown in Fig. 1c , although W, Cs and Zn show lower enrichment factors when compared with Cu than these experiments might predict.
To understand the balance between the silicate melt-aqueous fluid and silicate melt-sulfide partitioning further, a compilation of sulfide-silicate melt and vapour-melt partition coefficients for metals is shown in Fig. 2 (citations and experimental conditions in Supplementary Information). Also shown in Fig. 2 are the calculated emanation coefficients (see Methods) of the metals (and semimetals) in the gas/aerosol plumes of the basaltic volcanoes, plotted in order of the Holuhraun data. These data show that the hotspot basaltic volcanic emissions plumes (Kīlauea and Holuhraun) are particularly poor in those metals that partition more strongly into aqueous saline fluid than the sulfide phase, such as U, Cs, W, Zn and Mo (left-hand side of the plot). The plumes from Kīlauea and . Uncertainties are calculated using the mass ratio X/SO 2 and the independently measured flux of SO 2 and are typically 30-32%, propagated from errors for SO 2 flux (~30%) and errors for gas and aerosol measurements (5-10%). X/SO 2 for each dataset is shown in Supplementary Fig. 1 . b, Lava compositions (ppm), legend as in a (volcanic bombs for Masaya and Ambrym; and scoria for Stromboli, Etna, Kīlauea and Holuhraun), for the eruptions in each setting; citations as above. Solid lines are degassed lava compositions; dashed lines (defined in the legend) show the metal concentration before degassing (see Supplementary Information for data and methods). Note that these dashed lines are only resolvable for some elements; for others the amount depleted by degassing is relatively small. Data points with a black ring are close to analytical detection. Analytical errors are typically less than 10% for inductively coupled plasma mass spectrometry, with internal calibration using standards. c, Enrichment factors relative to Cu for each volcano (see Methods). Fields for each setting are shaded for ease of visual evaluation. Uncertainties in enrichment factors are propagated from the individual metal analyses and range from 14 to 17%.
Holuhraun are particularly rich (with emanation coefficients of 1-100%) in those metals and semi-metals that partition strongly into sulfide over silicate melt (with partition coefficients of more than 100; on the right-hand side of the plot), such as Cd, Se and Te (no data exist for Au in the gas plumes of Kīlauea or Holuhraun; Fig. 2) . In contrast, the data for these arc gases show that all metals have an emanation coefficient of more than 0.1% (with the exception of U for Stromboli). These arc plumes are richer in U, Cs, W and Cu than hotspot volcanic plumes-elements that are associated with significantly higher aqueous fluid-melt partition coefficients (up to 10 1 -10 2 ; note that the aqueous fluid-melt partition coefficient for Sn is for rhyolite melt 28 and the partition coefficient increases with the chlorine content of the aqueous fluid 28 ) relative to their sulfidesilicate melt partition coefficients (< 10, with the exception of Cu). Aqueous fluid saturation is expected to occur in the mid-crust, into which metals will partition, strongly in some cases (Fig. 2) . Hotspot basalts, in contrast, contain 0.5-1.0 wt% H 2 O 31 and 0.5-1.0 wt% CO 2 32 , which results in the exsolved fluid becoming water rich only at lesser depths. Importantly, the fluid phase will be strongly CO 2 dominated until the magma reaches low pressures (< 100 MPa) during magma ascent, when H 2 O and sulfur (as H 2 S or SO 2 ) partition into the aqueous vapour phase 33, 34 . The metal-carrying capacity of CO 2 -rich aqueous fluid has been shown to be poor 35 . Models of sulfide saturation 19, 36 show that, whereas mid-oceanridge basalts are probably saturated in sulfide on eruption, more oxidized basalts (where a greater proportion of sulfur is present as sulfate 37, 38 ) must fractionate to a greater degree to achieve sulfide saturation. Some basalts may not saturate in sulfide at all 38, 39 . Sulfides are not commonly present (as quenched sulfide liquid or sulfide minerals), either in the groundmass or as inclusions, in the erupted products of Stromboli, Etna and Ambrym 40 . In contrast 2014-2015 Holuhraun Icelandic melts contain abundant sulfides on eruption, as do the matrix glass and melt inclusions of Laki 41 . At Kīlauea, basaltic tephra contain sulfides as inclusions in olivine. Sulfur systematics in the matrix glasses of basalts from Iceland and Kīlauea are consistent with sulfide saturation on or shortly before eruption 42 . If sulfide saturates before an aqueous fluid in the deep crust (Fig. 3,  middle) , dense sulfides may be sequestered into cumulates, thus removing metals from the silicate melt-aqueous fluid system and generating chalcophile-poor melt (and aqueous fluid) on further ascent and eruption of the magma; this has been suggested as an explanation for the lack of ore deposits in relatively water-poor 'barren' arc magmatic systems 43 . A chalcophile-poor arc volcanic gas is not a feature of the datasets presented here. If, however, an aqueous fluid phase forms before sulfide saturation, which is likely for a water-rich arc basalt (Fig. 3, right) , metals will partition strongly into the saline aqueous fluid 44 . If the silicate melt does not saturate with sulfide 16 , the aqueous fluid will remain metal rich and will be outgassed during magma ascent and eruption at the surface with the metals in proportions controlled by their respective fluid-melt partition coefficients. If the melts are very chlorine rich, a brine Information for citations) . Errors for the emanation coefficients are propagated from typical errors for the individual electron microprobe analyses of sulfur, which is typically 5%, and errors for X/SO 2 . Total errors therefore range from 9 to 13%. However, when uncertainty related to the sulfur and chlorine outgassing budget is taken into account errors may exceed 20%, particularly for emanation coefficients calculated using plume X/Cl. Three emanation coefficients are shown for Stromboli (see Methods and Supplementary Information): 1, from ref. 6 calculated assuming ε Pb ~ 1% 56, 57 ; 2, calculated using plume X/SO 2 and the mass of sulfur degassed; 3, calculated using plume X/Cl and the mass of chlorine degassed. Note that the X/SO 2 values for Etna aerosol (Supplementary Table 1 ) are high when compared with other arc volcanoes in this dataset and with other data from Etna 8, 58 , which causes the emanation coefficients to be anomalously high when using this X/SO 2 ratio, combined with the melt inclusion sulfur contents (see Methods), to reconstruct the metal contents of the melts. phase may form at low pressure, unmixing, along with a lowdensity vapour, from a supercritical fluid described by the solvus in the NaCl-H 2 O system 3 . Brine formation may fractionate metals; however, these effects are minimal for basalts degassing near atmospheric pressure, which are relatively poor in chlorine (compared with rhyolites) and are likely to transport a saline aqueous fluid phase up to the surface (including any minor brine phase) 3 . The vapour phase in the sulfide-free case will then be rich in a range of fluid-mobile metals/semi-metals, just as observed in the arc volcanic gas data presented here (Fig. 1) . Note that primary melts in arc settings may also be variably enriched in fluid-mobile metals 20 , caused by fluid addition to the mantle wedge directly from the slab. However, the data presented here suggest that further partitioning into the aqueous fluid phase must also take place to explain the enrichment in fluid-mobile metals in the volcanic emissions over the silicate melt (Figs. 1b and 2) .
Effect of the timing of aqueous fluid and sulfide saturation
If sulfide saturates after an aqueous fluid phase, the sulfides may play some role in metal partitioning during shallow eruption and degassing processes. The hotspot volcanic gases in Fig. 1a are rich in chalcophiles (for example Cd, Te, Se) and the emanation coefficients of the gases in these plumes broadly follow sulfide-silicate melt partition coefficients (Fig. 2) , suggesting that metals are sourced from sulfides directly, either through a mantle melting process 45 or through the formation of a sulfide liquid droplet at the interface between a silicate melt and an aqueous fluid bubble 46, 47 , shown as 'vapour-sulfide aggregates' in Fig. 3 (left) . Sulfides may become unstable due to oxidation during attachment to a vapour bubble and may then be resorbed during exsolution of an aqueous vapour phase 48 . In this way, metals that were bound in sulfides 17 are released to the silicate melt-vapour system, and then to the atmosphere. Congruent dissolution of sulfides within these bubble-sulfide aggregates has been proposed to explain the similarity of metal outgassing ratios to metal ratios in sulfides at some volcanoes 46, 49 .
implications of systematic volcanic metal emission variations
The four arc volcanoes presented here have a distinctive metal outgassing fingerprint, with higher concentrations of Cs, As, In, W and Tl than hotspot volcanoes (Fig. 1) . While global arc magma chemistries vary significantly, we propose that these characteristic metal enrichments will be a broad feature of global arc volcanic plumes due to their relatively oxidized nature, low degree of fractional crystallization and high concentrations of water and chlorine in magmas. Together, these factors suppress sulfide saturation, promoting partitioning of metals/semi-metals directly into aqueous/saline aqueous fluid rather than metal/semi-metal degassing being mediated by sulfides (Fig. 3) .
Saline aqueous fluids clearly play an important role in transporting large fluxes of metals from basaltic melts through the mid-and upper crust, eventually either outgassing from volcanoes or being incorporated into ore deposits. Volcanic outgassing of metals and ore deposit formation may be effectively mutually exclusive in any particularly time period. In fact, the gases emitted from volcanoes are representative of the fluids that, under different conditions of magma supply or tectonic stress, might instead precipitate economically viable concentrations of metals and sulfur in shallow crustal porphyries. In arc magmatic systems, there is good evidence that mafic magmas of the type that we observe outgassing at the surface (Fig. 1 ) underplate felsic magmas in the crust 50 . Recharging mafic magmas clearly have potential to supply extensive fluxes of volatiles to overlying felsic magmas via an aqueous fluid phase, which might migrate efficiently through crystal-rich, near-solidus magmas 51, 52 . Accumulation of aqueous fluid at the roof zones of such reservoirs may therefore trigger the shallow intrusion of stocks and then be the medium from which metals are precipitated in copper porphyry systems 3 , without the need to invoke reworking of magmatic sulfides to concentrate metals.
There may be broader implications of the important role of volcanoes in metal geochemical cycling. It has been proposed that arc basalts were not oxidized until the late Neoproterozoic, when extensive ocean bottom water sulfate led to subducted sulfate oxidizing the sub-arc mantle 53 , which coincides with copper and gold porphyries becoming prominent in the geological record 53, 54 . Submarine arc volcanoes during the Archaean and much of the Proterozoic may hence have outgassed mixtures of metals very much like hotspot volcanoes today, with higher volcanic arc outgassing fluxes of W, Cs, As, Tl, Pb, Cu and Zn (similar to modern arc volcanoes) only becoming widespread in the earliest Phanerozoic, when shallow submarine arc vents may have become significant localized sources of these biologically important metals in the ocean 55 .
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41561-018-0214-5.
